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ABSTRACT
KRAS is one of the most mutated genes in human
cancer. It is controlled by a G4 motif located up-
stream of the transcription start site. In this pa-
per, we demonstrate that 8-oxoguanine (8-oxoG), be-
ing more abundant in G4 than in non-G4 regions,
is a new player in the regulation of this oncogene.
We designed oligonucleotides mimicking the KRAS
G4-motif and found that 8-oxoG impacts folding
and stability of the G-quadruplex. Dimethylsulphate-
footprinting showed that the G-run carrying 8-oxoG
is excluded from the G-tetrads and replaced by a
redundant G-run in the KRAS G4-motif. Chromatin
immunoprecipitation revealed that the base-excision
repair protein OGG1 is recruited to the KRAS pro-
moter when the level of 8-oxoG in the G4 region is
raised by H2O2. Polyacrylamide gel electrophoresis
evidenced that OGG1 removes 8-oxoG from the G4-
motif in duplex, but when folded it binds to the G-
quadruplex in a non-productive way. We also found
that 8-oxoG enhances the recruitment to the KRAS
promoter of MAZ and hnRNP A1, two nuclear fac-
tors essential for transcription. All this suggests that
8-oxoG in the promoter G4 region could have an epi-
genetic potential for the control of gene expression.
INTRODUCTION
Cancer cells are characterized by high metabolic rates, nor-
mally associated with an increased level of reactive oxygen
species (ROS) (1,2). Anion superoxide (O2−), hydrogen per-
oxide (H2O2) and hydroxyl radical (•OH) are produced by
endogenous and exogenous sources (3). Among the endoge-
nous sources, the mitochondrial electron transport chain,
which reduces oxygen to water, is the major source of cellu-
lar ROS (4). In suspended mitochondria about 0.12–2% of
oxygen consumed in the respiration is converted into O2−
(3,4). However, anion superoxide is also produced enzymat-
ically in essential metabolic pathways, includingNADHox-
idase, xanthine oxidase, lipo- and cyclo-oxygenases (5). Fur-
thermore, O2− is reduced by superoxide dismutase toH2O2,
which is then converted to •OH via a non-enzymatic Fen-
ton reaction (6). All these chemical and enzymatic reactions
push the ROS level more up in high metabolic rate cancer
cells than in normal cells. An enhancedROS level may dam-
age DNA, RNA, lipids and proteins, and may also alter the
intracellular signal transduction, for instance through NF-
kB (7,8). A key protein of the antioxidant network is Nrf2, a
(b-Zip)-type transcription factor that binds to antioxidant
response elements in gene promoters and induces the ex-
pression of protective genes of the antioxidant response (9–
11). Nrf2, being upregulated in pancreatic ductal adenocar-
cinoma (PDAC) cells, increases the capacity of the cells to
control oxidative stress, a necessary condition for optimal
cell proliferation (12–14).
The primary genetic lesions causing pancreatic cancer are
somatic mutations in theKRAS gene. About 90% of PDAC
carries KRAS G12D, i.e. a KRAS allele with a point mu-
tation G→D in exon 1, codon 12 (15–17). The activity of
mutantKRASG12D is required in all stages of carcinogen-
esis (initiation, progression and metastasis) and the inacti-
vation of mutant KRAS G12D reverses the transformation
process (18–20). Recent studies have reported that KRAS
G12D reduces the level of ROS in pancreatic cancer cells
via Nrf2 (12,14). Since there is a correlation between mu-
tantKRAS andNrf2, we interrogated if in pancreatic cancer
cells, the expression of KRAS is in some way influenced by
oxidative stress. It is well known that oxidation of DNA oc-
curs mainly at guanine, as it has the lowest oxidation energy
among nucleobases (21). GG steps are preferred sites for
oxidation, with 5′ G being particularly reactive (22). In the
promoter of the KRAS oncogene there is a G-rich element
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called 32R that is critical for transcription and able to fold
into a G-quadruplex structure (23). 32R is located between
−148 and−116 bp from transcription start site (TSS) and is
recognized by several transcription factors including MAZ
and hnRNPA1 (24–27). Polymerase-stop assays, footprint-
ing and circular dichroism showed that 32R is highly poly-
morphic in nature, as it can fold into three alternative G4
structures (28,29). In this study, we have found by chromatin
immunoprecipitation (ChIP) combined with quantitative
polymerase chain reaction (qPCR) that the 32R region is
more oxidized than other G-rich regions that are unable to
fold into G4. The presence of 8-oxoG in 32R may lower the
stability of theG-quadruplex, depending onwhere the dam-
age is located inside the sequence. When the oxidation is sit-
uated in the major 11-nt loop of the KRASG4, the TM and
folding are practically not affected. But when 8-oxoG is lo-
cated in a G-tetrad, both TM and folding are strongly mod-
ified. We also investigated how guanine oxidation impacts
the binding of the transcription factors to the regulatoryG4
motif of KRAS. Our data show that 8-oxoG modulates the
binding of the nuclear factors to the KRAS promoter and
also strengthens the recruitment of MAZ and hnRNP A1
to the promoter. Finally, the results are discussed in terms
of possible role of 8-oxoG as an epigenetic regulator in the
transcription of oncogenic KRAS.
MATERIALS AND METHODS
Oligonucleotides and reagents
Unmodified oligonucleotides used in this study have
been obtained from Microsynth (CH). 8-oxoG-substituted
oligonucleotides were synthesized from 8-oxo-dG CEP
fromBerry&Associates in 1-mol scale on solid support by
standard procedure, except using concentrated ammonia in
the presence of 2-mercaptoethanol (0.25M) in the deprotec-
tion step as described by Bodepudi et al. (30). The oligonu-
cleotides were purified by reverse-phase high pressure (or
high performance) liquid chromatography on a Water sys-
tem 600, equipped with a C18 column (XBridge OST C18,
19 × 1000 mm, 5 m). The composition of the oligonu-
cleotides was verified by Matrix Assisted Laser Desorption
Ionisation-Time of Flight (MALDI-TOF) (Supplementary
Table S1). Luteolin, was purchased from Alfa Aesar (D), 8-
oxoguanine (8-oxoG) and 8-oxodeoxyguanosine from Cay-
man Chemicals (MI, USA), GTP from Euroclone (I), hy-
drogen peroxide solution 30% (w/w) from BDH (UK).
Cell cultures
Human pancreatic cancer (Panc-1, MIA PaCa-2, BxPC3)
and non-cancer human embryonic kidney 293 cells were
maintained in exponential growth in Dulbecco’s modified
Eagle’s medium (DMEM) containing 100 U/ml penicillin,
100 mg/ml streptomycin, 20 mM L-glutamine and 10%
foetal bovine serum (Euroclone, I). The cell lines have been
genotyped by Microsynth (CH) and their identity con-
firmed.
Recombinant proteins
Recombinant MAZ and hnRNP A1 were obtained with a
high degree of purity as previously described (24,26). Re-
combinant OGG1 with His-Tag at the N-terminus was ex-
pressed in Escherichia coli bacteria transformed with plas-
mid pET20 hOGG1. The bacteria were grown for 2 h at
37◦C to an absorbance at 600 nm of 0.8–1 units before in-
duction with isopropyl 1-thio--d-galactopyranoside (0.4
mM final concentration). The cells were allowed to grow
overnight at 25◦C, and then centrifuged at 5000 rpm at 4◦C.
The supernatant was removed and the pellet resuspended
in Lysis buffer (50 mM NaH2PO4, 300 mM NaCl and 10
mM imidazole) added with 0.2 mM PMSF (phenylmethyl-
sulphonyl fluoride). The bacteria were lysed by sonication
[3 × (30 s sonication/1 min off)], added with 0.05% Tween
20 (Sigma-Aldrich, MO, USA) and the lysate centrifuged
for 10 min, 4◦C, 104 rpm. Ni-NTA resin (Qiagen, D) was
added to the supernatant and the mixture was shaken for 1
h, 4◦C. The mixture was then centrifuged for 5 min at 1700
rpm and the pellet washed two times with Wash Buffer (50
mMNaH2PO4, 300 mMNaCl and 20 mM imidazole). The
OGG1 bound to the resin was eluted with a buffer com-
posed by 50mMNaH2PO4, 300mMNaCl and 600mM im-
idazole. OGG1 concentration was determined by Bradford
method and the purity was confirmed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Supplementary Figure S1). Finally, the protein was con-
centrated and desalted by using the Ultracel YM-3 Micro-
con Centrifugal Filter Devices (Millipore, MA, USA).
Chromatin immunoprecipitation (ChIP) and qPCR analysis
ChIP was carried out as described in ref. 31, by using the
ChIP-IT® Express Shearing Kit (ActiveMotif, CA, USA).
In brief, Panc-1 cells (8 × 105) were seeded in 6-well plates
and after 24 h some plates were treated with 10 M luteolin
for 24 h in DMEM or with 1 mM hydrogen peroxide for
15 min in serum-free DMEM. The cells were then washed
with phosphate buffered saline (PBS) and fixed for 10 min
in serum-free DMEM containing 1% formaldehyde. After
fixing, the cells were washed with cold PBS and added with
Glycine Stop-Fix Solution to arrest the fixing reaction. The
cells were washed again with cold PBS, treated with Scrap-
ing Solution and centrifuged at 2500 rpm for 10 min at 4◦C.
The pellet was resuspended in ice-cold lysis buffer supple-
mented with PMSF, PIC (protease inhibitor cocktail) and
incubated for 30 min on ice. The cells were transferred to
an ice-cold dounce homogenizer for 20 strokes to release
the nuclei. The homogenate was centrifuged for 10 min
at 5000 rpm, 4◦C, to pellet the nuclei. The nuclei were
resuspended in Shearing Buffer and the chromatin sheared
by sonication [10 × (30 s pulse on/30 s pulse off)] on
Bioruptor Plus (Diagenode, BG) into DNA fragments of
about 300–400 bp. The sheared chromatin was centrifuged
at maximum speed for 15 min, 4◦C. The chromatin con-
centration was determined with a spectrophotometer by
ultraviolet (UV) absorption (260 nm) and 10 g treated
overnight at 4◦C with 1 g antibody specific for 8-oxoG
(Bioss Antibodies, MA, USA) or MAZ or OGG1 (Santa
Cruz Biotechnology, TX, USA) or hnRNP-A1 (Sigma-
Aldrich, MO, USA). In addition to the antibodies, the
mixtures were added with Protein G Magnetic Beads,
ChIP buffer-1 and PIC, following the Active Motif Kit
protocol. After incubation the mixtures were span and the
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chromatin bound to the antibody collected with a magnetic
bar. The collected beads were washed once with ChIP
buffer-1 and twice with ChIP buffer-2. The beads were then
re-suspended in Elution Buffer AM2 and let to incubate
on shaking for 15 min at room temperature. The beads
were treated with Reverse Crosslinking Buffer and the
supernatant with the chromatin was collected. The DNA
fragments were amplified by qPCR using primers spe-
cific for genomic KRAS (accession number NG 007524):
G4-plus 5′-GTACGCCCGTCTGAAGAAGA-3′ (nu-
cleotides (nt) 4889–4908, 0.2 M), G4-minus 5′-
GAGCACACCGATGAGTTCGG-3′ (nt 4958–4977, 0.1
M), Ctr-1-plus 5′-ACAAAAAGGTGCTGGGTGAGA-
3′ (nt 12–32, 0.2 M), Ctr-1-minus 5′-
TCCCCTTCCCGGAGACTTAAT-3′ (nt 248–268, 0.2
M), Ctr-2-plus 5′-CTCCGACTCTCAGGCTCAAG-
3′ (nt 7536–7555, 0.15 M), Ctr-2-minus 5′-
CAGCACTTTGGGAGGCTTAG-3′ (nt 7692–7711,
0.15 M). Ctr-1 is located in a non-coding region, G4-
region is in the promoter, Ctr-2 is in an intron. qPCR
reactions were carried out with a CFX-96 real-time PCR
apparatus controlled by Optical System software (version
3.1) (Bio-Rad Laboratories, CA, USA) on 1 l of immuno-
precipitated chromatin or input, which were mixed to Sybr
Green mix following manufacturer instructions (Kapa
Sybr Fast QPCR Mix, Kapa Biosystems, MA, USA) and
primers. For G4-region amplification cycles were: 3 min at
95◦C, 40 cycles 30 s at 95◦C and 40 s at 59◦C. For controls
amplification cycles were: 3 min at 95◦C, 40 cycles 10 s
at 95◦C and 30 s at 57◦C (control-1) or 61◦C (control-2).
All reactions have been validated before amplification for
each target and couple of primers. The Ct-values (number
of cycles required for the fluorescent signal to cross the
threshold) given by the instrument (Bio-Rad CFX-96) were
used to evaluate the difference between sample and input.
The adjusted Ct input was obtained by Ct input − log2 (input
dilution factor). Then Ct = Ct sample − Adjusted Ct input.
The % Input for each sample was calculated as follows: %
Input = 100 × 2∧(-Ct). The % Input was obtained for
the G4 region and also for the non-G4 regions (Ctr-1 and
Ctr-2). The enrichment in 8-oxoG or MAZ or hnRNPA1
or OGG1 of the G4 region respect to the non-G4 regions
was determined by the ratio [% Input (G4 region))]/[% Input
(non-G4 region)]. In average, from three to seven samples were
used for each experiment. The t-test analysis was performed
with Sigma Plot 10.1(UK).
Circular dichroism and UV-melting
Circular Dichroism (CD) spectra were obtained on a
JASCO J-600 spectropolarimeter, equipped with a ther-
mostated cell holder, with 5 M oligonucleotides solutions
in 50mMTris–HCl, pH 7.4, 100mMKCl. The spectra were
recorded in 0.5 cm quartz cuvette at room temperature and
90◦C. The spectra are reported as ellipticity (mdeg) versus
wavelength (nm). Each spectrum was recorded three times,
smoothed and subtracted to the baseline.
UV-melting analysis was performed using the Jasco V-
750 UV-visible spectrophotometer equipped with a Peltier
temperature control system (ETCS-761) (Jasco, JP). The
spectra were analyzed with Spectra Manager (Jasco, JP).
Oligonucleotides (5 M) were annealed in 100 mM KCl,
50 mM Na-cacodylate pH 7.4 (10 min at 95◦C, overnight
at room temperature). The melting curves were recorded at
295 nm in a 0.5 cm path length quartz cuvette heating (20–
90◦C) and cooling (90–20◦C) at a rate of 0.5◦C/min. The
thermodynamic parameters for the folding of the wild-type
and modified oligonucleotides into G4 were obtained from
the UV-melting curves. The ‘DNA-Melting Analysis’ pro-
gram (Jasco, JP), which analyzed themelting curves accord-
ing to a standard all-or-nonemodel, gave theH ◦ andS◦
values. The free energy of quadruplex formation was calcu-
lated according to: G ◦ = −RT ln K = H ◦ − TS ◦.
PAGE assay
8-OxoG-substituted oligonucleotides end-labeled with [ -
32P]adenosine triphosphate (ATP) (Perkin Elmer) and T4
polynucleotide kinase (Thermo Fisher Scientific, USA),
were annealed in duplex or quadruplex as follows: the du-
plex was obtained annealing (5 min at 95◦C, overnight
at room temperature) the 8-oxoG-substituted oligonu-
cleotides and 32Rwith complementary 32Y in 50mMTris–
HCl, pH 7.4, 100 mM NaCl; the quadruplexes were ob-
tained in 50 mM Tris–HCl, pH 7.4, 100 mM KCl (5 min
at 95◦C, overnight at room temperature). Radiolabeled du-
plex and quadruplex (2 nM) were incubated at 37◦C with
increasing amounts of OGG1 (1 and 5 M), in 20 mM
Tris–HCl pH 8, 50 mM NaCl, 1 mM ethylenediaminete-
traaceticacid (EDTA), 0.1 mg/ml bovine serum albumin,
1 mM Na3VO4, 5 mM NaF and 0.01% Phosphatase In-
hibitor Cocktail. After 15 min, the reactions were stopped
by adding to the mixtures 8 l stop solution (90% for-
mamide, 50 mM EDTA). The samples were then denatured
for 5 min at 95◦C and run for 1 h on a denaturing 20% poly-
acrylamide gel, prepared in Tris-borate-EDTA (TBE) and 7
M urea, pre-equilibrated at 55◦C in an electrophoretic ap-
paratus (C.B.S Scientific Company, CA, USA). After run-
ning the gel was fixed in a solution containing 10% acetic
acid and 10%methanol, dried and exposed to film for auto-
radiography (Aurogene, I).
Electrophoresis mobility shift assay (EMSA)
Duplexes and quadruplexes have been prepared as de-
scribed in previous section. PAGE purified 8-oxoG-
substituted oligonucleotides were end-labeled with [ -32P]
ATP and T4 polynucleotide kinase (30 pmol). The cor-
responding duplexes were obtained by annealing (10 min
at 95◦C and overnight at room temperature) the modified
oligonucleotides with the complementary strand in 50 mM
Tris–HCl pH 7.4, 100 mM NaCl. Protein–oligonucleotide
interactions were analyzed by electrophoresis mobility shift
assays (EMSA). End-labeled duplexes or G-quadruplexes
were incubated in 20 l solutions containing 50 mM Tris–
HCl, pH 7.4, 100 mMNaCl (for duplexes) or 100 mMKCl
(forG-quadruplexes), 1mMEDTA, 0.01%Phosphatase In-
hibitor Cocktail I (Sigma-Aldrich, MO, USA), 5 mMNaF,
1 mMNa3VO4, 2.5 ng/l poly [ dI−dC], 1 mMDithiothre-
itol (DTT) and 8% glycerol with increasing amounts of re-
combinant OGG1 (0.3 and 0.6 g) or MAZ or hnRNP A1
(2.5–5 g), time and temperature are indicated in figure leg-
ends. Themixtures were analyzed in 5%polyacrylamide gels
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prepared in TBE at 20◦C. After running, the gels were dried
and exposed overnight to auto-radiography (Aurogene, I) at
−80◦C.
DMS-footprinting experiments
Dimethylsulphate (DMS)-footprinting experiments were
performed using PAGE purified 8-oxoG-substituted
oligonucleotides (24 nM), end-labeled with [ -32P] ATP.
The oligonucleotides were incubated overnight at 37◦C, in
50 mM Tris–HCl, pH 7.4, 1 g sonicated salmon sperm
DNA, 1 mM EDTA, 100 mM KCl or 100 mM LiCl, as
specified in the figure legend. DMS dissolved in ethanol
(DMS:ethanol, 2/38, vol/vol) was added to the DNA
solution (2 l to a total volume of 50 l) and left to react
for 1 min at room temperature. The reactions were stopped
by adding to the mixtures 5 l of stop solution (1.5 M
sodium acetate, pH 5.2, 1 M -mercaptoethanol and 16
ng/l salmon sperm DNA). DNA was precipitated with
four volumes of ethanol and resuspended in piperidine
1 M. After cleavage at 90◦C for 20 min, the reactions
were stopped on ice and the DNA precipitated with 0.3
M sodium acetate, pH 5.2 and three volumes of ethanol.
The DNA samples were resuspended in 90% formamide
and 50 mM EDTA, denatured at 90◦C and run for 2 h on
a denaturing 20% polyacrylamide gel, prepared in TBE
and 8 M urea, pre-equilibrated at 55◦C in a Sequi-Gen
GT Nucleic Acids Electrophoresis Apparatus (Bio-Rad,
CA, USA), which was equipped with a thermocouple that
allows a precise temperature control. After running, the gel
was fixed in a solution containing 10% acetic acid and 10%
methanol, dried at 80◦C and exposed to film (CL-XPosure
Thermo scientific, MA, USA) for auto-radiography. Lane
scan and analysis was performed with Image Quant TL
software (Image Scanner, Amersham, UK).
Pull-down assay with Panc-1 extract
A total of 0.5mg of nuclear Panc-1 extract (1.3mg/ml) were
incubated for 1.5 h at 37◦C with 80 nM biotinylated 32R or
96 in 20 mM Tris–HCl, pH 7.4, 50 mMKCl, 8% glycerol, 1
mM DTT, 0.1 mM ZnAc, 5 mM NaF, 1 mM Na3VO4 and
2.5 ng/l poly[dI-dC]. A total of 100 g of Streptavidin
MagneSphere Paramagnetic Particles (Promega, I) were
added and let to incubate for 1 h at 4◦C. The beads were
captured with amagnet and washed two times. The proteins
were denatured and eluted with Laemmli buffer (4% SDS,
20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophe-
nol blue and 0.125 M Tris–HCl). Then they were separated
in 10% SDS-PAGE and blotted into nitrocellulose at 70 V
for 2 h. The nitrocellulose membrane was blocked for 1 h
with 5% fat dried milk in PBS and 0.05% Tween (Sigma-
Aldrich, USA) at room temperature. The primary antibod-
ies used were: anti-MAZ (clone 133.7, IgG mouse, Santa
Cruz Biotechnology, USA) diluted 1:200, anti-hnRNP A1
(clone 9H10, IgG mouse, Sigma-Aldrich, USA) diluted
1:2000 and anti PARP-1 (polyclonal antibody, IgG rabbit,
Cell Signalling Technology, USA) diluted 1:200. The mem-
branes were incubated overnight at 4◦C with the primary
antibodies, then washed with 0.05% Tween in PBS and in-
cubated for 1 h with the secondary antibodies conjugated
to horseradish peroxidase: anti-mouse IgG (diluted 1:5000)
and anti-rabbit IgG (diluted 1:5000) (Calbiochem, Merck
Millipore, D). The signal was developed with Super Signal
®West PICO, and FEMTO (Thermo Fisher, USA) and de-
tected with ChemiDOC XRS, Quantity One 4.6.5 software
(BioRad Laboratories, USA).
RESULTS AND DISCUSSION
8-oxoG in KRAS is more abundant in G4 than in non-G4 re-
gions
Cancer cells have relatively high levels of ROS that may
damage DNA, RNA and proteins. Oxidative damage to
DNA occurs mainly on guanine (21), in particular at the 5′
guanine of GG runs (22). G-rich quadruplex motifs, being
composed by several runs of guanines, are effective hotspots
for guanine oxidation (32). The formation of 7,8-dihydro-
8-oxoguanine (or 8-oxoG) in these sequence motifs may
be favored by the particular folded structure that they as-
sume under physiological conditions (23,29). Indeed, four
consecutive G-runs separated by few bases can form a G-
quadruplex or G4 structure stabilized by tetrads of gua-
nines. AG4-Seq conducted on the human genome found>7
× 105 potential G4 motifs, mainly located in functional re-
gions including promoters, 5′-Untranslated region (UTRs)
and splicing sites (33). A subsequent G4-ChIP-Seq analysis
conducted on chromatin revealed a lower number (about
104) of G4 motifs folded into a G-quadruplex. The critical
point of these studies is that not all G4motifs are folded un-
der cellular conditions. Interestingly, many folded G4 mo-
tifs are present in oncogenes including CMYC and KRAS
(34). Recently, Burrows and co-workers developed an el-
egant method, ‘8-oxoG-Seq’, to sequence 8-oxoG in the
mouse genome. They found ∼104 regions of 8-oxoG en-
richment in WT mouse embryonic fibroblast, in particular
where there areG4motifs (gene promoters andUTRs) (35).
We therefore asked if 8-oxoG has an epigenetic potential in
gene regulation and focused on the KRAS oncogene, which
harbors upstream of the TSS a G-rich sequence with regu-
latory functions.
Human KRAS displays three G4-motifs that, according
to their distance fromTSS, can be namedG4-proximal (pre-
viously named 32R,−148/−116), G4-middle (−207/−175)
and G4-far (−260/−226) (23,25,28,29,36). Sequence 32R
(69% GC), which has been extensively studied in our labo-
ratory, is sensitive to nucleases and shows a complex struc-
tural polymorphism (23,25,37). DMS-footprinting and CD
experiments showed that 32R folds into a parallel G4 with
a thymidine bulge in one strand and a (1/1/11) topology
(23,25). Moreover, a truncated portion of 32R, comprising
the first four G-runs from the 5′-end, folds into a (1/1/4)
G-quadruplex (28,38). We reported that 32R is recognized
by several nuclear proteins, includingMAZ, PARP-1, Ku70
and hnRNP A1 (25–27). The role of MAZ and/or hnRNP
A1 onKRAS transcription regulation has been investigated
in our laboratory and also by Chu et al. (24,26,27,39). The
data showed that both transcription factors upon binding
to 32R unfold the G4 structure and favor the transcription
process.
In order to understand, if the guanines of the G4 mo-
tifs upstream TSS are prone to oxidation, we carried out
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Figure 1. (A) Relative distance from TSS of G4 and non-G4 sequences used in quantitative real-time ChIP experiments. The length of each amplified DNA
fragment is indicated. The structures of guanine and 8-oxo-7,8-dihydroguanine (8-oxoG) are shown; (B) ChIP qPCR showing the basal level of 8-oxoG
in G4 and in non-G4 regions Ctr-1 and Ctr-2 in pancreatic cancer cells harboring mutated KRAS (Panc-1 and MIAPaCa-2) or wild-type KRAS (BxPC3)
and in non-cancer HEK-293 cells. The histogram shows the fold enrichment of 8-oxoG in pancreatic cancer cells compared to 8-oxoG in G4 region of 293
cells; (C) ChIP qPCR showing the relative level of 8-oxoG in G4 compared to non-G4 regions (Ctr-1 and Ctr-2). The ordinate reports the ratio between
the level of 8-oxoG in G4 and in non-G4 region, in Panc-1 cells treated with 1 mM H2O2. The asterisk (*) means P < 0.05 (n = 4), a Student’s t-test was
performed.
ChIP qPCR experiments. We measured the basal level of
8-oxoG in the KRAS promoter region including 32R and
compared it to other G-rich regions which are unable to
fold into G4: Ctr-1 (containing a segment with 56% CG)
and Ctr-2 (with 65%CG), both located>2000 bp from 32R
(Figure 1A). Preliminary semi-quantitative ChIP PCR ex-
periments carried out with pancreatic Panc-1 cancer cells
clearly showed that 8-oxoG is more abundant in G4 than
in non-G4 regions (Supplementary Figure S2). However,
to determine the difference in guanine oxidation between
G4 and non-G4 regions, we performed quantitative ChIP
qPCR in three pancreatic cancer cell lines (Panc-1 with
KRAS G12D, MIA PaCa-2 with KRAS G12V and BxPC3
with wild-type KRAS) and in one non-tumor cell line (hu-
man embryonic kidney 293 cells, HEK-293) (Figure 1B). It
turned out that the basal level of 8-oxoG in the cancer cells
is up to 12-fold higher than in normal HEK-293 cells. This
correlates with the fact that cancer cells have higher levels
of ROS than normal cells (1,2). Our analysis also confirmed
that in the three cancer cells analyzed, the G4-containing
regions are more exposed to guanine oxidation (up to 4-
fold) than the non-G4 regions Ctr-1 and Ctr-2. As Ctr-1
and Ctr-2 have a CG content >50% and contain several
GG runs, the difference in 8-oxoG between G4 and non-G4
regions cannot be ascribed to a low presence of guanines
in the non-G4 regions. Previous studies reported that the
secondary structure adopted by DNA affects the reactivity
of guanine toward oxidative stress and that the guanines in
a G-quadruplex are more keen to oxidation than the gua-
nines in a duplex (40,41). Another interesting observation
is the higher level of 8-oxoG in BxPC3 cells compared to
Panc-1 andMIAPaCa-2 cells. This can be rationalized with
the fact that only the latter cells carry a hyperactivated mu-
tant KRAS which is known to constitutively stimulate the
expression of Nrf2, a gene that activates the detoxification
program bringing down ROS and thus 8-oxoG (9–11). As
previously reported (12,14), we also found that there is a
direct link between KRAS and Nrf2, as the overexpression
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Figure 2. (A) Sequences of 32R and of the designed oligonucleotides with one or two 8-oxoG either in the major 11-nt loop of KRAS G4 (92, 93 and 94)
or in G-tetrads (95, 96 and 97). The G-runs I–V are pointed out; (B) 20% PAGE of 32R and 8-oxoG-substituted oligonucleotides in denaturing (left) and
native (right) gels. As reference oligonucleotides of 24, 30 and 36 nt have been loaded. G4-a and G4-b are due to G4 structures, ss indicates unstructured
oligonucleotides. Gels were repeated three times; (C) Structure of a G-tetrad with 8-oxoG (left) and of a canonical G-tetrad (right).
of KRAS in Panc-1 cells brought about an increase of Nrf2
(Supplementary Figure S3).
Finally, to make sure that the level of 8-oxoG correlates
with the cellular amount ofROS,we performedChIP qPCR
assays with Panc-1 cells treated withH2O2. As expected, the
treatment with H2O2 raised 8-oxoG in the G4 region ∼ 4-
fold more than in the non-G4 regions Ctr-1 and Ctr-2 (Fig-
ure 1C).
8-OxoG affects the folding of the G-rich 32R promoter se-
quence
DMS-footprinting and CD studies, reported by ourselves
(23,25) and others (36), showed that 32R folds into a paral-
lel G4 formed by the G-runs I, II, III and V (Figure 2A).
Distinctive features of this G-quadruplex are a large 11-
nt loop and a strand with a thymidine bulge (Supplemen-
tary Figure S4). On the basis of this putative structure, we
designed mimics of 32R, carrying 8-oxoG at specific posi-
tions: in the G-tetrads (oligonucleotides 92, 93 and 94) or
in the 11-nt loop (95, 96 and 97). Under denaturing condi-
tions (7 M urea), the 8-oxoG-substituted oligonucleotides
migrated expectedly as wild-type 32R or as its complemen-
tary strand 32Y. By contrast, under native conditions (100
mMKCl) the oligonucleotides carrying one or two 8-oxoG
in the 11-nt loop (95, 96 and 97) migrated in the same way
as 32R, with a single band running faster than the unstruc-
tured oligonucleotide 32Y (Figure 2B). This suggests that
when the oxidized guanine is in the 11-nt loop, the folding of
the G4-motif is not affected [i.e. it is similar to that of wild-
type 32R, (1/1/11) G4]. Instead, when 8-oxoG is placed in
the G-runs II, III or V, which are involved in the formation
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Figure 3. (A) Sequences of 32R, 92, 93 and 95 showing the G-runs involved in G4 formation (indicated in red). Compared to 32R, 92 and 93 undergo a
different folding in order to exclude 8-oxoG from a G-tetrad; (B) Structure of the putative G-quadruplexes with 8-oxoG; (C) Comparison of the DMS-
footprinting of unstructured 32R with those of structured 32R and 92, 93 analogs. Note that the fifth G-run of 32R replaces the G-run with 8-oxoG
through an alternative folding. Experiment was repeated three times.
of the G-tetrads (92, 93 and 94), the oligonucleotides mi-
grated with 2-folded structures: one running as the G4 of
wild-type 32R (band G4-a) and one running faster (band
G4-b) (Figure 2B). It should be borne in mind that 8-oxoG
is expected to destabilize the G-tetrad arrangement, as the
N7 of diketo 8-oxoG becomes a hydrogen donor and steri-
cally clashes with the amino group of a neighboring guanine
(Figure 2C). Thismeans that 8-oxoG can hardly stay in aG-
tetrad, as the two H-bonding pattern is replaced by a single
H-bonding pattern. It is therefore reasonable to assume that
the incorporation of 8-oxoG in a G-tetrad destabilizes the
G-quadruplex. Indeed, single substitutions of guanine with
8-oxoG have been reported to do so (42).
An insight into the structure of the human KRAS G-
quadruplex with 8-oxoG substitutions was obtained by
DMS-footprinting. As 32R contains 5 G-runs, it is likely
that the G-run carrying 8-oxoG is excluded from the for-
mation of the G-tetrads and replaced by the redundant fifth
G-run present in 32R, as observed with G4 motifs found
in oncogene promoters and telomeres (Figure 3A and B)
(43,44). This occurs through an alternative folding of 32R.
As illustrated in Figure 3C, wild-type 32R shows its typical
DMS footprinting in 100 mM KCl with all guanines pro-
tected fromDMS, exceptG16,G18–20 andG23. This cleav-
age pattern is consistent with the formation of a (1/1/11)-
G4 by the G-runs I, II, III and V (23,25). The DMS-
footprinting of oligonucleotide 92, which was designed with
8-oxoG in G-run II, clearly shows a different cleavage pat-
tern. In keeping with the ‘fifth G-run’ hypothesis, its folding
involves theG-runs I, III, IV andV, giving rise to (6/4/4)G-
quadruplex. It can actually be seen that G-run II (G6-G7-
G9) is reactive to DMS, while G-run IV (G18-G19-G20) is
not. ThisDMS reactivity pattern demonstrates that the fifth
G-run (G-run IV) has indeed replaced G-run II carrying 8-
oxoG, through a re-modulation of the folding in order to ex-
clude the oxidized guanine from theG4 scaffold. The result-
ing (6/4/4) G4, having loops <11 nt, is more compact than
wild-type (1/1/11) G4 and that explains why it runs faster
in a polyacrylamide gel (band G4-b, Figure 2B). Oligonu-
cleotide 93, carrying 8-oxoG in G-run III, shows a similar
behavior as 92. In this case, G-run III is more reactive to
DMS, suggesting that it is replaced by G-run IV (G18-G19-
G20), which appears protected. We also analyzed oligonu-
cleotide 95 with 8-oxoG in the 11-nt loop, that should not
impact on the folding. In keeping with this prediction, the
footprinting of 95 shows that the bases cleaved are those
located in the 11-nt loop, as observed with the wild-type
32R sequence (Supplementary Figure S5). A similar behav-
ior has been observed with the critical G4 motif of CMYC
(45). DMS footprinting and RNA polymerase stop assays
showed that a simple 8-oxoG induces a change in the fold-
ing to exclude the oxidized G-run from the formation of the
G-tetrads.
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Figure 4. CD spectra of 32R at 20◦C (black) and of 8-oxoG-substituted oligonucleotides at 20◦C (dotted spectra) and 90◦C (gray spectra), in 50 mM
Tris–HCl, pH 7.4, 100 mM KCl. Each panel compare the CD spectrum of 32R with that of an oligonucleotide with 8-oxoG. The ordinate reports the
ellipticity signal expressed in mdeg.
Fleming and co-workers have observed that there are
many oncogenes with G4 motifs carrying an extra G-run
that could relieve a damaged guanine through a structural
transition (44). The authors hypothesized that the extrusion
of the damage into a loop should be necessary for the acti-
vation of the base excision repair mechanism. However, the
evolutionary selection of a fifthG-run in regulatoryG4mo-
tifs recognized by transcription factors might also find its
rationale in the fact that 8-oxoG could act as a transcrip-
tion regulator by modulating the binding and recruitment
of transcription factors to promoter sequences (see infra).
Circular dichroism and UV-melting of the G4 structures with
8-oxoG
Next, we asked if the presence of 8-oxoG in 32R may affect
the strand directionality of the G-quadruplex. To address
this question, we performed circular dichroism experiments,
as CD is a spectroscopic technique sensitive to DNA sec-
ondary structures. In Figure 4, we compared the CD spec-
tra of each 8-oxoG-substituted sequence, obtained at 20 and
90◦C, with the CD of 32R. At 20◦C, all the spectra are char-
acterized by a strong and positive ellipticity at 264 nm and a
negative ellipticity at 245 nm, which are typical of a parallel
or type I G-quadruplex (46). At 90◦C, the intensity of the
264-nm ellipticity is dramatically reduced, suggesting that
at 20◦C the 8-oxoG-substituted oligonucleotides are struc-
tured. Oligonucleotides 92 (6/4/4) and 94 (6/4/5) show also
a weak ellipticity at 295 nm, thatmay point to the formation
of an alternative parallel/antiparallel G4. Instead, the CD
spectra of 95, 96, 97 and 32R, forming a G4 with the same
(1/1/11) topology, exhibit almost identical CD spectra.
As the thermal differential spectra of 32R and 8-oxoG-
substituted oligonucleotides show a negative band at 295
nm, we followed their melting by measuring the absorbance
at 295 nm as a function of temperature (47). Typical melt-
ing curves are shown in Figure 5. At heating/cooling rates
of 0.5◦C/min, we obtained curves that are superimposable,
indicating that the melting/annealing proceeded through
equilibrium states. The TM’s, determined by the dAbs/dT
versus T plots, are reported in Table 1. The data show that
when the oxidized guanine is located in the 11-nt loop (95,
96 and 97), the damage is well tolerated, as the oxidizedG4s
Downloaded from https://academic.oup.com/nar/article-abstract/46/2/661/4641902
by Danish Regions user
on 31 January 2018
Nucleic Acids Research, 2018, Vol. 46, No. 2 669
Figure 5. Denaturing and annealing UV-melting curves of 32R and 8-oxoG substituted oligonucleotides in 50 mM cacodylate pH 7.4, 100 mM KCl. The
curves have been obtained by measuring the absorbance at 295 nm as a function of temperature, at a heating/cooling rates of 0.5◦C/min. Denaturing,
black filled curves; renaturing, dotted gray curves.
show TM values nearly similar to that of 32R (TM ∼ 1–
2◦C). So, in terms of stability, CD spectra, electrophoretic
mobility and DMS-footprinting demonstrate that 32R and
95, 96 and 97 form the same G-quadruplex. In contrast,
when the oxidized guanine is inserted in aG-tetrad, theTM’s
of the resulting G4s (92, 93, 94) are significantly lower than
that of the wild-type G4 (TM ∼ 10–11◦C), in agreement
with previous data obtained with the telomeric sequence
(42). However, in our case, the decrease of the TM’s is not
due to altered stacking interactions between the G-tetrads,
but to a change in the folding involving the fifth G-run.
The thermodynamic parameters ofG-quadruplex forma-
tion were obtained from the melting profiles by using a
‘DNA Melting Analysis’ software (Jasco, JP). As the melt-
ing curves proceeded in a two-state manner, we could ana-
lyze them with a standard all-or-none model. The data re-
ported in Table 1 show that the G of the G-quadruplexes
with one or two 8-oxoGs in themajor 11-nt loop (95, 96 and
97) is ∼1–2 kcal/mol more favorable than the G of wild-
type G4. This increase of stability is enthalpic in origin, and
may probably arise frommore efficient stacking interactions
between 8-oxoG and the surrounding bases in the loop. In
contrast, when the damage is inserted in a G-tetrad (92, 93
and 94) the sequences fold into an alternativeG-quadruplex
with aG about∼2 kcal/mol less favorable than theG of
wild-type G4.
OGG1 is recruited to the KRAS G4 motif region carrying
8-oxoG
The enhanced level of 8-oxoG in the G4 region of KRAS
upstream of TSS suggested to investigate whether the base-
excision repair (BER) pathway is activated. BER is initiated
by DNA glycosylases, which recognize and remove the ox-
idized guanines. The resulting apurinic site is then cleaved
and the single-strand break processed by a short- or long-
patch BER. The first enzyme of this pathway is OGG1,
which behaves in vitro as a bifunctional DNA glycosylase
excising 8-oxoG and cleaving the abasic site, while in vivo it
behaves as a monofunctional glycosylase, with APE1 per-
forming the lyase function (48–52). In order to see if OGG1
is recruited to theKRAS promoter when the level of 8-oxoG
is increased by oxidative stress, we performed ChIP qPCR
assays. We found that when Panc-1 cells are treated with
H2O2 or luteolin, an inhibitor of Nrf2 that causes an in-
crease of cellular ROS (53,54), the recruitment of OGG1
to the KRAS promoter increases more in G4 than in the
non-G4 regions Ctr-1 and Ctr-2 (Figure 6A). We then pro-
duced and purified recombinant OGG1 to test its capac-
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Figure 6. (A) ChIP qPCR showing that after treatment of Panc-1 cells with 1mMH2O2 or 10Mluteolin, the recruitment of OGG1 to theKRAS promoter
increases more at G4 region than non-G4 regions (Ctr-1 and Ctr-2). Asterisk (*) indicate P < 0.05 (n = 4), a Student’s t-test was performed; (B) Primary
sequences of 32R and designed 8-oxoG-substituted oligonucleotides where the positions of 8-oxoG are indicated; (C) The panel shows in a denaturing
PAGE that OGG1 excises 8-oxoG in the duplexes formed by the designed 8-oxoG oligonucleotides and the complementary strand; (D) Sequencing 18%
PAGE showing that OGG1 (1 M) cleaves the radiolabeled duplexes (2 nM) exactly at the positions where there is 8-oxoG. The experiments in (C) and
(D) were repeated three times.
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Table 1. Thermodynamic parameters for the KRAS 8-oxoG substituted oligonucleotides
Oligo TMa (◦C) TMb (◦C) Number 8-oxoG H◦c kcal/mol S◦c cal/K mol G◦c,d kcal/mol
92 50.7 11.4 1 in G-tetrad −61.6 ± 0.8 −165 ± 2 −10.4 ± 0.2
93 52.8 9.3 1 in G-tetrad −74.2 ± 1.3 −202 ± 4 −11.5 ± 0.1
94 52.6 9.5 2 in G-tetrad −56.0 ± 0.9 −147 ± 3 −10.4 ± 0.2
95 61.5 0.6 1 in 11-nt loop −78.7 ± 1.0 −208 ± 1 −14.2 ± 0.1
96 61.1 1.0 1 in 11-nt loop −80.1 ± 1.3 −215 ± 4 −13.4 ± 0.1
97 63.7 − 1.6 2 in 11-nt loop −85.1 ± 1.0 −227 ± 3 −14.7 ± 0.1
32R 62.1 −66.1 ± 1.3 −172 ± 4 −12.8 ± 0.2
adata obtained in 50 mM cacodylate pH 7.4, 100 mM KCl.
bTM = TM (32R) − TM (8-oxoG oligo).
cThermodynamic parameters obtained from analysis of melting cuves.
dG = H − TS, T = 310 K.
ity to excise 8-oxoG and cleave the abasic site. Increasing
amounts of enzyme were incubated, for 15 min at 37◦C,
with 32P-ATP labeled 8-oxoG-substituted oligonucleotides,
transformed into duplexes with the complementary strand
and the products were analyzed in a denaturing PAGE gel
(Figure 6B and C). The enzyme did not show any activity
on the wild-type 32R duplex, but it cleaved the duplexes car-
rying one or two 8-oxoGs. With duplexes 92, 93 and 95,
which have only one 8-oxoG insertion, OGG1 gave only
onemain cleaved fragment; with duplexes 94, 96 and 97, de-
signed with two 8-oxoG lesions, it produced two fragments,
as expected. Note that the bands are doublets, because after
having removed 8-oxoG, OGG1 cleaves the apurinic site by
both  and  eliminations (55). In a native gel, we detected
only at 4◦C a weak binding of OGG1 to the designed du-
plexes, because the enzyme destabilizes the complexes (Sup-
plementary Figure S6) by cleaving the substrates. In order
to confirm that the cleavage catalyzed by OGG1 occurs ex-
actly at the duplex sites where guanine has been replaced
with 8-oxoG, we analyzed the products of the enzymatic re-
action in a sequencing gel (Figure 6D). In lane 1, we report a
G-reaction that determines the sequence of the duplex sub-
strate. The pattern obtained is in nice agreementwith Figure
6B and C. Each duplex substrate gave the fragment of the
expected length, indicating that the cleavage occurs exactly
at the place where the damaged guanine is. In the sequenc-
ing gel, the doublets appear clearer showing that the two
fragments differ for two/three nucleotides, as a results of
successive  and  eliminations (55).
Then, we analyzed the catalytic activity of OGG1 on 32R
and 8-oxoG- substituted oligonucleotides in the G4 confor-
mation. The radiolabeled oligonucleotides were let to fold in
KCl buffer and incubated with OGG1. Almost no cleaved
products were detected in a denaturing gel, suggesting that
the enzyme does have no or only slight activity against G4,
as previously reported by Zhou et al. (56) (not shown).
However, whenwe analyzed in a sequencing gel themixtures
between OGG1 and the designed 8-oxoG G-quadruplexes,
we observed that the enzyme had a weak activity against
specific guanines in the G4s (Figure 7A and B). The G-
quadruplexeswith 1/1/11 topology showed a small cleavage
at G11 (a guanine of an external G-tetrad, Supplementary
Figure S4), while G4s with 1/8/4 and 6/4/5 topologies (93
and 94) showed a weak cleavage in the loop, at G16/A17.
This cleavage activity does not occur at oxidized guanines,
is G4 specific and was not detected in the duplexes (see Fig-
ure 6C and D). To rule out that the OGG1 cleavage could
be due to specific depurinations occurring during oligomer
synthesis or handling (57), yielding abasic sites recognized
by OGG1, we treated the oligonucleotides with hot piperi-
dine and re-purified them by electrophoresis. The weak ac-
tivity of OGG1 was detected even after this treatment (Sup-
plementary Figure S7). On a native gel, OGG1 binds to the
KRAS G-quadruplexes in a non-productive manner, form-
ing stableG4-OGG1 complexes (Figure 7C). It is worth not-
ing that oligonucleotides 92, 93 and 94, that fold in two G-
quadruplexes (see infra), form two OGG1:G4 complexes:
one involving the (1/1/11)-G4 and the other the (6/4/4)-
G4 (92), 1/8/4 G4 (93) and (6/4/5) G4 (94). Together, these
experiments demonstrate that OGG1 recognizes both the
duplex and folded conformations of 32R, but only with the
duplex substrate the enzyme is able to excise 8-oxoG.
Guanine oxidation and DNA folding modulate the binding of
MAZ and hnRNP A1 to the KRAS promoter
We previously have demonstrated that 32R in G4 confor-
mation is recognized by several transcription factors includ-
ing MAZ and hnRNP A1 (25). The consensus sequence of
MAZ is 5′-GGG(A/C)GG (58). There are two binding sites
for MAZ at the 5′ and 3′ ends of 32R. We found that MAZ
activates the transcription ofKRAS andHRAS (24,59). The
KRASG4 is also recognized by hnRNP A1, a protein of 34
kDa that has a wide range of functions including telomere
biogenesis, RNA stability and control of transcription (60).
The essential role of this nuclear factor in the transcription
of KRAS has been demonstrated (26,27,39). Both MAZ
and hnRNP A1, upon binding to the KRAS G4, destabi-
lize the structure and facilitate, in the presence of the com-
plementary strand, the transformation of G4 into duplex
(26,59). As the guanines in 32R are exposed to oxidation,
we asked if 8-oxoG modifies somehow the recruitment and
binding of MAZ and hnRNP A1 to the KRAS promoter.
To address the first point, we performed ChIP qPCR with
Panc-1 cells treated with H2O2. The results show that the
treatment increases the recruitment of MAZ and hnRNP
A1 more to G4 than non-G4 regions, as a result of a cellu-
lar increase of 8-oxoG (Figure 8A). These data suggest that
an increase of oxidation favors the recruitment to the pro-
moter of MAZ and hnRNP A1, two proteins that activate
transcription. A ChIP–reChIP assay (61), based on two in-
dependent rounds of immunoprecipitations with antibodies
specific for MAZ/hnRNP A1 and 8-oxoG, was performed
Downloaded from https://academic.oup.com/nar/article-abstract/46/2/661/4641902
by Danish Regions user
on 31 January 2018
672 Nucleic Acids Research, 2018, Vol. 46, No. 2
Figure 7. (A) Sequencing 18% PAGE showing the effect of OGG1 (1 M) on the G-quadruplexes. A very weak cleavage activity is detected at specific
guanines: G11 in the G4s formed by 32R, 95, 96 and 97; G16/A17 in the G4s formed by 93, G4-(1/8/4) and 94, G4-(6/4/5). This cleavage activity is not
correlated with 8-oxoG; (B) Sequences of the G4 motifs 32R, 92, 93, 94 and 95 showing the positions where the G4s are cleaved by OGG1 (96 and 97
behave as 95); (C) Native PAGE showing that OGG1 binds to radiolabeled 32R and 8-oxoG oligonucleotides (20 nM) in the G-quadruplex form. Note
that 92, 93 and 94 form two complexes (c1 and c2) as they form in solution two quadruplexes. OGG1 (0.3 and 0.6 g) and oligonucleotides (20 nM) have
been incubated 45 min at 37◦C prior to PAGE. The experiment in A was repeated three times, that in C two times.
to further confirm the co-localization of the transcription
factors and 8-oxoG in the chromatinized DNA fragment
carrying the G4 motif (Supplementary Figure S8).
To know if the binding of MAZ and hnRNP A1 to
the KRAS promoter is affected by 8-oxoG, we performed
EMSA assays with recombinant proteins and 8-oxoG
oligonucleotides in G4 or duplex conformation. Figure 8B
reports native gels on the binding of MAZ and hnRNP A1
to wild-type 32R and 8-oxoG-substituted oligonucleotides
in the duplex conformation. It shows that the interaction
between the proteins and the duplexes carrying one or two
8-oxoG modifications is strongly inhibited. This is in keep-
ing with the finding that the oxidation of both guanines
in the consensus sequence of cAMP responsive element-
binding protein (CREB) strongly decreased the protein
binding (62). In contrast, when 32R and 8-oxoG oligonu-
cleotides are in the G4 conformation, MAZ and hnRNP
A1 bind to theDNA target despite it carries 8-oxoG lesions.
It is worth noting that the binding of MAZ to 8-oxoG G-
quadruplexes with (1/1/11) topology (95, 96, 97) increases
by ∼5-fold compared to the binding of MAZ to 32R G4.
The binding of hnRNP A1 also appears ∼4-fold more ro-
bust with the G-quadruplexes bearing 8-oxoG in the 11-nt
loop. To confirm the finding that the transcription factors
have more affinity for KRAS G4 when it is oxidized in the
major loop, we covalently linked biotin to 32R and 96, car-
rying two 8-oxoGs in the 11-nt loop.We used the conjugates
as DNA baits in streptavidin–biotin affinity precipitation
experiments with a nuclear Panc-1 extract. The presence of
MAZ and hnRNP A1 in the proteins binding to the DNA
baits was detected and quantified by western blots (Figure
8D). The results are in keeping with those obtained with
the recombinant proteins: in the presence of all nuclear pro-
teins, oxidized G4 (96) shows ∼2-fold higher affinity than
wild-type G4 for MAZ and hnRNP A1 [also for PARP-
1, a protein that binds to 32R (25)]. Considering the G4
unfolding activity of MAZ and hnRNP A1, these findings
are likely to have an impact on the transcription regulation
mechanism, as proposed in the following paragraph.
A transcription model for oncogene KRAS involving 8-oxoG,
OGG1, hnRNP A1 and MAZ
The results of this study, together with previously reported
data, add a new element to the molecular mechanism con-
trolling KRAS transcription in pancreatic cancer cells: the
oxidation of guanine at the critical G4 motif upstream TSS.
The high metabolic rate of cancer cells causes an enhanced
level of ROS that favors the oxidation of guanine. An in-
creased level of 8-oxoG going beyond the repairing capacity
by the cell, would have a negative impact on KRAS expres-
sion, as the binding of MAZ and hnRNP A1 to the pro-
moter in the duplex conformation would be strongly inhib-
ited. To prevent this, pancreatic cancer cells express high lev-
els of Nrf2: a protein that stimulates the detoxification path-
way to keep the oxidative damage at levels compatible with
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Figure 8. (A) ChIP qPCR showing that the recruitment of MAZ and hnRNP A1 to the promoter G4 region is higher than to non-G4 regions (Ctr-1
and Ctr-2), following cell treatment with 1 mM H2O2. Asterisk (*) indicates P < 0.05 (n = 4), a Student’s t-test was performed; (B) The panels show the
binding of MAZ and hnRNP A1 (2.5 and 5 g) to 20 nM radiolabeled 32R and 8-oxoG oligonucleotides in duplex. The binding of MAZ and hnRNP
A1 to the duplexes bearing 8-oxoG is strongly inhibited; (C) The panels show the binding of MAZ and hnRNP A1 to G-quadruplexes 32R and analogs
bearing 8-oxoG. The proteins bind to the G4s, even though they harbor 8-oxoG. The G4s with 8-oxoG in the 11-nt loop (95, 96 and 97) bind MAZ much
more than wild-type G4. Before EMSA, the G4s or duplexes have been incubated with MAZ for 1 h at 37◦C and with hnRNP A1 for 30 min at 25◦C; (D)
Streptavidin-biotin pull-down assay with nuclear Panc-1 extract and biotinylated 32R and 96 used as DNA baits (the structure is shown). Cellular proteins
bound to G4 were pulled down with streptavidin magnetic beads and analyzed by western blot. The experiments in (B) and (C) were repeated three times.
an optimal cell growth. Indeed, in agreement with previous
work (63), we found that the inhibition of Nrf2 brought
about an increase of ROS in Panc-1 cells (Supplementary
Figure S9). The damage caused to DNA by oxidative stress
can modulate gene expression in different ways. While the
insertion of a single 8-oxoG in a promoter non-G4 sequence
of a reporter gene was found to affect negatively transcrip-
tion (64), when the oxidized guanine was inserted in the
G4-motif of VEGF composed of five G-runs, the expres-
sion of Renilla luciferase increased by 3-fold. To rationalize
this behavior, Fleming et al. (65) proposed that gene expres-
sion increases because 8-oxoG is excised by OGG1, yield-
ing an abasic site that would favor the folding into a G4
looping out the oxidized G-run. This conformation should
facilitate the binding of Ape1 to G4, but without cleaving
efficiently the abasic site (66). Finally, the Ref-1 domain
of Ape1 would recruit other nuclear factors and stimulate
transcription. In addition to this interesting mechanism,
Boldogh and co-workers (67) found that in the TNF- pro-
moter, ROS preferentially oxidizes the guanines in a G-rich
region adjacent to a NF-kB-binding site. The authors sus-
tained that the binding of OGG1 to the oxidized G-rich re-
gion would promote the recruitment of NF-kB to its bind-
ing site, with the consequence of activating transcription.
The former mechanism has a more general character and
could rationalize also the data of our study. However, also
another mechanism can be postulated, in keeping with the
original idea that G-quadruplex behaves as a transcription
repressor (Figure 9). If we assume that the picture found
for HRAS (59), based on a mutation analysis of the pro-
moter, also holds for KRAS, the promoter G4 motif is nor-
mally folded intoG4 and transcription is kept to a basal low
level. The folding of the G4motif is favored by DNA super-
coiling, which provides sufficient energy to locally unwind
the double helix (68,69). This induces the formation of a G-
quadruplex on the purine-rich strand and, most likely, an
i-motif on the pyrimidine strand (70). Although the i-motif
shows in vitro higher stability under slightly acidic condi-
tions, both cellular crowding and supercoiling are expected
to stabilize this unusual structure at physiological condi-
tions too (69,71,72). The relatively high oxidative stress in
pancreatic cancer cells may induce the oxidation of cer-
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Figure 9. A model for KRAS transcription regulation involving 8-oxoG.
A1 and Pol II stand for hnRNP A1 and RNA Pol II.
tain guanines, particularly the DNA motifs composed by
blocks of guanines (73) and folded into G4 (40). Our data
show that the presence of one or two oxidized guanines in
the major 11-nt loop of the KRAS G-quadruplex increases
the binding of MAZ, hnRNP A1 and also PARP-1 to the
G-quadruplex. As hnRNP A1 recognizes also the i-motif
(71), both strands of the G4 motif could interact with nu-
clear proteins. The proteins upon binding should destabi-
lize the folded structures and facilitate the reconstitution
of the double helix (59,71). In this scheme, 8-oxoG would
act as an epigenetic marker boosting the recruitment to the
promoter of the nuclear factors essential for KRAS tran-
scription. The oxidized guanines in the reconstituted duplex
will be efficiently repaired via the BER pathway involving
OGG1, that excises 8-oxoG, and Ape1, that cleaves the aba-
sic site (48,74). The excision of 8-oxoG from theG4motif in
double helix will increase the affinity of the nuclear factors
for the promoter, with the result of activating transcription.
This mechanism is supported by the fact that KRAS tran-
scription strongly depends onMAZ (24,59) and hnRNPA1
(26,27,39). It also depends on OGG1, as its downregulation
in Panc-1 cells by siRNA determines a parallel decrease of
KRAS transcription (Supplementary Figure S10).
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